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The elimination of carbon monoxide and water from a series of protonated dipeptides,
[XxxYyy  H], is investigated by tandem mass spectrometry experiments and density
functional theory. The combined results show that CO loss occurs on the a1-y1 pathway, which
begins by rearrangement of the added proton to the amide N-atom and creates the
proton-bound dimer of an amino acid (Yyy) and an imine (that from Xxx residue). The loss of
H2O is initiated from a tautomer in which the added proton has migrated to the hydroxyl
group of the C-terminus, thereby promoting the formation of an ion with protonated
oxazolone structure (a nominal b2 ion). The highest yields of [XxxYyy  H  CO]
 and
[XxxYyy  H  H2O]
 are observed at threshold energies. As the internal energy of the
protonated dipeptides increases, these primary products are depleted by consecutive dissoci-
ations yielding mostly backbone fragments. Specifically, [XxxYyy  H  CO] decomposes to
y1 (protonated Yyy) and a1 (immonium ion of Xxx residue), while [XxxYyy  H  H2O]

produces a2 and the immonium ions of residues Xxx (a1) and Yyy (“internal” immonium ion).
Water loss takes place more efficiently when the more basic residue is at the C-terminal
position. Increasing the basicity of the N-terminal residue enhances the extent of CO versus
H2O loss and introduces the competitive elimination of NH3. The dissociations leading to
eliminations of small neutrals (CO, H2O, etc.) generally proceed over transition states that lie
higher in energy than the corresponding dissociation products. The excess energy is disposed
of either in translational or rovibrational modes of the products, depending on the stability of
the incipient noncovalent assemblies emerging during the cleavage of the small
neutrals. (J Am Soc Mass Spectrom 2004, 15, 1025–1038) © 2004 American Society for Mass
SpectrometryWhen protonated peptides are activated to dis-sociate, they undergo backbone cleavages,dissociations in the side chains, as well as
condensation reactions releasing small neutrals such as
water, carbon monoxide, ammonia, or a combination
thereof [1–3]. A large number of experimental and
computational studies thus far have focused on the
backbone and side chain fragmentations, which reveal
sequence and/or compositional information [4–26]. On
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of small neutrals have drawn less attention, presumably
because they do not directly relate sequence insight [4,
12–14, 22, 26]. The importance of understanding the
mechanisms of the latter reactions has, however, been
emphasized, as the resulting condensation products
may fragment further to structurally diagnostic se-
quence ions [23, 24].
The elimination of water from protonated peptides
has been the most extensively investigated small neu-
tral loss. Studies by Harrison et al. [6], O’Hair et al. [12],
and Aviyente et al. [26] have conclusively shown that
dipeptides with an underivatized COOH terminus and
no serine or threonine residues primarily dehydrate at
the C-terminus, yielding an N-protonated oxazolone;
this structure corresponds to an N-terminal b2 backbone
ion having the same number of amino acid residues asr Inc. Received January 16, 2004
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O’Hair et al. [14] further reported that protonated
peptides with three and more amino acid residues, or
with hydroxy substituted side chains, lose water largely
from the backbone amide groups, or the side chains,
respectively, to generate fragment ions that do not have
protonated oxazolone structures. Barely any data exist
on the ammonia loss from the backbone of underivat-
ized [peptide  H] ions. O’Hair et al. observed this
reaction from the protonated methyl ester of CysGly,
viz. CysGlyOCH3, but not from the isomeric [GlyCys-
OCH3  H]
 ion which instead loses water (as does the
underivatized [GlyCys  H]) [13]. Conflicting results
have been reported for the CO loss from protonated
peptides. Laskin et al. suggested that the CO moiety
eliminated from [AlaAla  H] originates from the
carboxyl terminus [22]. In contrast, density functional
theory calculations by Paizs and Suhai on [GlyGly 
H] predicted that CO loss occurs on a pathway involv-
ing the N-terminally located carbonyl group and ulti-
mately leading to a1 and y1 fragments (the “a1-y1”
pathway) [23]. These two pathways generate distinct
ion-molecule complexes composed of an imine and an
amino acid [22, 23]. The present study undertakes an
experimental and computational inquiry into the de-
tailed mechanism of CO loss from protonated dipep-
tides and the influence of the peptide composition and
sequence on the competition between CO loss and the
losses of other small neutrals including ammonia and,
in particular, water. The products arising from such
dissociations generally dominate at low internal ener-
gies [22] and, as has recently been proposed [23, 24],
they can fragment consecutively to sequence-diagnostic
ions. Hence, elucidation of the formation pathways and
energetics of CO, H2O, or other small neutral elimina-
tions from protonated peptides should also improve
our understanding on how sequence-revealing back-
bone ions are formed.
Methods
Tandem Mass Spectrometry (MS/MS) Experiments
The experiments were conducted on a Micromass Au-
toSpec-Q tandem mass spectrometer of EBEhQ geome-
try (E, electric sector; B, magnetic sector; h, RF-only
hexapole; Q, quadrupole mass filter) [27, 28] or a Bruker
Esquire ion trap mass spectrometer [28–30]. In the
hybrid instrument, protonated peptides were formed
by fast atom bombardment (FAB) ionization, using 12
keV Cs ions as bombarding particles and sulfuric acid
as the matrix. A few L of a saturated solution of the
peptide of interest in the matrix were introduced into
the ion source and bombarded by Cs. The peptide [M
 H] ions formed in this process were accelerated to 8
keV and mass-selected by the EB sectors for measure-
ment of their metastable ion (MI) and collisionally
activated dissociation (CAD) tandem mass spectra at
high kinetic energy in the field-free region (FFR) be-tween EB and the subsequent electric sector. The prod-
uct ions from these reactions were mass-analyzed by
scanning the second electric sector. In CAD mode, one
of the collision cells situated in the FFR was pressurized
with argon to effect 80% transmittance of the [M  H]
beam. In MS3 experiments, a specific fragment from
metastable [M  H] ions dissociating in the field-free
region in front of the first electric sector was transmitted
through EB by proper adjustment of the E and B fields,
and the corresponding high-energy CAD spectrum was
acquired using the above mentioned collision cell. Low-
energy CAD spectra (MS2 mode) were also obtained by
transmitting the [MH] ions through all three sectors
(EBE), decelerating them to 100 eV, and subjecting
them to collisions with argon in the RF-only hexapole
(1  106 mbar Ar pressure); the fragments formed
were subsequently mass-analyzed by Q scans. In the
low-energy regime, CAD spectra were measured as a
function of collision energy (energy-resolved MS2 spec-
tra). For the fragments in the MI spectra of [M  H]
measured at high kinetic energy, the accompanying
kinetic energy releases were calculated using fragment
peak widths at half height (T0.5) [31]; the quoted T0.5
values were corrected for the main beam width using
established procedures [32, 33]. Approximately 100–200
scans were summed per MI, CAD, or MS3 experiment,
depending on the intensity of the main beam. The
reproducibility of relative abundances was better
than 15%.
Electrospray ionization (ESI) was utilized to form the
peptide ions examined in the ion trap. Each peptide was
dissolved in a 1:1 methanol/water mixture to form a
104 M solution, which was introduced into the ESI ion
source via a syringe pump at a rate of 150 L/h. The
entrance of the sampling capillary was set at 4 kV.
Nitrogen served as the nebulizing gas (1 psi) and drying
gas (150 °C, 10 L/min). These conditions led to intense
[M  H] ions. CAD tandem mass spectra (MS2) of [M
 H] were acquired by ejecting all ions from the trap
except [M  H], which was then excited to fragment
with a radiofrequency field that was turned on for 40
ms at an amplitude (Vp-p) of 0.4–0.6 V; the [M  H]

ions were accelerated by the RF field and underwent
CAD with the helium buffer gas in the trap [30, 34]. MS3
spectra were obtained by isolating in the trap a frag-
ment from [M  H] (formed as described) and follow-
ing the same procedure as with the isolated [M  H].
Ten scans per MS2 or MS3 spectrum were scanned to
achieve a reproducibility of relative abundances of ca.
15%. The peptides and the solvents or reagents used
in the FAB and ESI experiments were purchased from
Sigma or Aldrich and were used in the condition
received.
Density Functional Theory Calculations
Calculations were performed on the potential energy
surface (PES) for H2O loss from protonated GlyGly and
the consecutive decompositions of the initial [GlyGly 
e cha
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frequencies of the precursor ion, transition structures,
intermediate ion-molecule complexes, and final frag-
mentation products were computed at the B3LYP level
of density functional theory (DFT) in conjunction with
6-31  G(d,p) basis sets. When necessary, intrinsic
reaction coordinate (IRC) calculations were carried out
for transition states (TS) to determine the minima with
which the investigated TS were connected. The calcu-
lations were performed using the Gaussian-98 program
system [35].
Results and Discussion
Fragmentations of Metastable Protonated
Dipeptides
Table 1 lists the MI spectra of the [M  H] ions from
the dipeptides (XxxYyy) studied. Metastable ions have
a narrow range of usually low internal energies [31–33],
which leads to the generation of relatively few frag-
ments. At keV kinetic energies, metastable fragmenta-
tions take place within microseconds. In this time span,
the aliphatic [XxxYyy  H] produce significant frag-
ment ions by CO elimination. In contrast, this reaction
does not yield observable signals with side-chain func-
tionalized dipeptides except for PheGly. When ob-
served, CO loss consistently proceeds with substantial
release of internal energy into translational modes, as is
evident from the corresponding flat-topped peak
shapes and broad peak widths (cf. Figure 1 and T 0.5
values in Table 1). The kinetic energy releases measured
lie in the 0.3–0.6 eV range, which is indicative of
dissociation with a substantial reverse barrier, i.e., over
a transition state that lies higher in energy than the
products. Tight rearrangements are usually associated
with such characteristics [31–33].
Besides protonated TrpAla, all [XxxYyy  H] ions
examined lose H2O within the s time window of MI
fragmentations. The product ions emerging from this
reaction have the composition of N-terminal b ions.
Table 1. Metastable ion (MI) mass spectra of the [M  H] ions
Dipeptide NH3 loss H2O loss (b2) CO lo
GlyGlyb 22 (0.02) 100 (0
GlyAla 100 (0.03) 9 (0
AlaGly 3 (0.02) 100 (0
AlaAla 27 (0.02) 100 (0
AlaIle 100 (0.06) 2 (0
IleAla 2 (0.02) 7 (0
GlyAsp 100 (0.04)
AspGly 100 (0.05)
GlyPhe 85 (0.03)
PheGly 4 (0.01) 3 (0.01) 4 (0
AlaTrpc 19 (0.08)
TrpAla 100 (0.07)
aRelative abundance in % of base peak intensity, using peak areas, fol
bA weak fragment is present at mz 88 (loss of CO  NH3) but is obscu
cOther fragments, % (T0.5 in eV): NH3 loss from y1, 6 (0.07); indolyl (sid2Elimination of water gives rise to peaks of Gaussian
shape (Figure 1) and, compared to the loss of CO, is
associated with markedly smaller kinetic energy re-
leases, ranging between 0.01 and 0.08 eV (Table 1).
Some of the T0.5 values observed are slightly higher
than kinetic energy releases found upon dissociations
with no reverse barrier (typically0.03 eV) [31–33]. The
excess could originate from kinetic shifts, which can be
substantial for ions of the size of protonated dipeptides
that must dissociate within a few microseconds [11, 22];
alternatively, H2O loss may take place over an appre-
ciable reverse barrier, but the excess energy of the
products is dissipated into internal and not transla-
tional degrees of freedom. More information on the
actual mechanism is provided by the DFT calculations
discussed later.
When water loss is the major metastable decompo-
sition channel, the competitive elimination of CO is
either suppressed or absent. For the dipeptides whose
metastable [M  H] ions undergo both CO and H2O
erated by FAB ionization of dipeptidesa
H2O  CO loss (a2) y1 a1
36 (0.04) 1 (0.03)
4 (0.11) 56 (0.09)
24 (0.04)
3 (0.03) 32 (0.03)
45 (0.25) 79 (0.12) 3 (0.04)
100 (0.06)
55 (0.10)
1 (0.06)
43 (0.17) 100 (0.10)
100 (0.09)
6 (0.21) 100 (0.14) 1 (0.06)
7 (0.08)
(in parenthesis and italicized) by T0.5 in eV.
y a nearby artifiact peak (Figure 1a).
in) ion at m/z 130, 10 (0.11).
Figure 1. (a) MI and (b) high-energy CAD (MS2) spectra of
FAB-generated [GlyGly  H] ions (m/z 133) with 8.0 keV kinetic
energy.gen
ss
.33)
.44)
.54)
.51)
.50)
.64)
.39)
lowed
red b
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basic residue (Table 2) [36–38] resides at the N-termi-
nus, while the loss of H2O is favored with the reverse
sequence, cf. AlaGly versus GlyAla, IleAla versus
AlaIle, or PheGly versus GlyPhe in Table 1.
Two of the dipeptide ions studied, [PheGly  H]
and [TrpAla  H], lose NH3 in the metastable time
frame. Relatively narrow, Gaussian peaks result from
this process, which competes effectively against alter-
native dissociation channels only if an amino acid of
high proton affinity (Table 2) is incorporated at the
N-terminus. On the other hand, all metastable [XxxYyy
 H] ions decompose to produce N-terminal a1
and/or C-terminal y1 sequence ions (Table 1). Previous
studies unequivocally established that a1 is the immo-
nium ion of the Xxx residue [2] and y1 the protonated
C-terminal amino acid, i.e., [Yyy  H] [5]. The abun-
dance ratio of a1 and y1 is found to depend strongly on
dipeptide composition and sequence [38]. From dipep-
tides consisting of two different amino acids, an abun-
dant y1 ion is formed if the more basic residue is located
at the C-terminus, whereas the a1 ion predominates
(relative to y1) if the more basic residue occupies the
N-terminal position. Both a1 and y1 appear as Gaussian
signals in the MI spectra and the kinetic energy releases
associated with their formation are moderate (0.03-0.14
eV); these features do not provide definitive mechanis-
tic information about the pathway leading to a1 or y1, as
reasoned above for the water elimination.
A third sequence ion, a2, which nominally arises by
CH2O2 (46 u) loss from [M  H]
, is observed from
GlyAla, AlaIle, GlyPhe, and AlaTrp (Table 1), viz.
XxxYyy dipeptides carrying the more basic residue at
the C-terminus (Table 2). The formation of a2 releases
significant kinetic energy and produces non-Gaussian
Table 2. Proton affinities (PA) of amino acids and imines
relevant to the dipeptides studied
PA kJ/mol
Exp.b Theory
Amino acids
Gly 887
Ala 902
Ile 917
Asp 909
Phe 923
Trp 949
Imines (Xxx)a
CH2NH (Gly) 853 868
c
CH3CHNH (Ala) 885 908
c,e 911d,e
C2H5CH(CH3)CHNH (Ile) 933
d,e
C6H5CH2CHNH (Phe) 938
d,e
All data are from reference [36] unless noted otherwise.
aThe amino acid corresponding to the imine shown is given in paren-
thesis.
bRef. [36].
cG2 values from ref. [37].
dDFT values from ref. [38].
eMean value of proton affinities of cis and trans isomers. For the imines
shown, PA(cis isomer)  PA(trans isomer)  2–3 kJ/mol.fragment ion peaks, indicating that it must overcome a
barrier lying higher in energy than the products [31–33].
Such energetics has been reported for the loss of CO
from b2 ions with a protonated oxazolone structure [6].
Hence, the MI characteristics of a2 are consistent with
generation of this ion via the sequence [M  H] 3 b2
(H2O) 3 a2 (CO).
Collisionally Activated Dissociation (CAD)
of Protonated Dipeptides
CAD of [XxxYyy  H] at low collision energy (eV
range) yields the same types of fragments as metastable
dissociation, but the fragment ion abundances vary
strongly with collision energy. MI and CAD fragmen-
tation patterns look strikingly similar at low collision
energies. A breakdown graph for [GlyGly  H], i.e., a
plot of relative fragment ion abundances in CAD spec-
tra versus collision energy (Figure 2), shows that the
losses of CO (m/z 105) and H2O (m/z 115) proceed with
high yield at the lowest collision energies, at which the
internal energy deposited onto [M  H] is low. As the
internal energy of the decomposing [M  H] ions is
raised, the extent of CO and H2O loss is reduced
substantially, and y1 formation becomes the predomi-
nant decomposition channel over a wide range of
collision energies. At even higher collision (internal)
energies, a slight decrease is observed in the relative
abundance of y1, accompanied by a considerable in-
crease in the relative abundance of a1. The backbone
ions y1 and a1 are the major CAD products at the
highest collision energies employed; these fragments
also dominate the CAD spectrum acquired in the keV
domain (Figure 1b).
The CAD and MI spectra of [GlyGly  H] show a
fragment at m/z 88, which is most efficiently formed at
low collision energies (Figure 2). This fragment is
formally generated by successive elimination of CO and
NH3; corroborating evidence for this dissociation se-
quence will be presented later when the structure of the
fragment from CO elimination is discussed. The elimi-
nation of CO  NH is most abundant for GlyGly and
Figure 2. Breakdown graph for FAB-generated [GlyGly  H]
ions (m/z 133).3
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tides studied.
Selected peptide ions were also formed by ESI and
investigated by ion trap mass spectrometry. Under the
activation conditions used (vide supra), the CAD spec-
tra of ESI-generated [M  H] in the trap are similar
with those obtained from FAB-generated ions in the
hybrid instrument at low collision energy. With all [M
 H] ions studied, the eliminations of small neutrals
(H2O, CO, H2O  CO) proceed with favorable yields at
low collision energy or upon CAD in the ion trap, while
backbone cleavages (to a1 and y1) become more com-
petitive at high collision energies [22].
The CAD behavior of the [XxxYyy  H] ions as a
function of collision energy reveals that the losses of
small neutrals must be associated with low critical
energies, since these reactions are favored when the
internal energy of the decomposing ions is low. Increas-
ing the energy available for dissociation promotes back-
bone fragmentation to y1 and a1 at the expense of small
neutral losses. This observation suggests that backbone
cleavages require higher critical energies but have more
favorable activation entropies (looser transition states)
than the eliminations of small neutrals. Evidence for
this general expectation was provided in a study of
Laskin et al. [22] who analyzed the CAD and SID
(surface-induced dissociation) breakdown graphs of
[AlaAla  H] by RRKM calculations; the resulting
dissociation energies and transition state entropies were
1.94 eV and 1.8 eu for H2O loss, 1.92 eV and 1.0 eu for
CO loss, 2.06 eV and 4.3 eu y1 formation, and 2.11 eV
and 9.9 eu for a1 formation. Additional relevant data are
given in the computational section of our study (vide
infra).
Loss of CO on the a1-y1 Pathway
[XxxYyy  H] from the aliphatic dipeptides undergo
CO loss in the metastable time window (Table 1). The
Table 3. CAD (MS3) spectra of [XxxYyy  H  CO], the
fragment ions arising by CO loss from metastable [XxxYyy 
H] formed via FAB ionization in the sector mass spectrometera
XxxYyy (m/z of
precursor ion)b
y1
[Yyy  H]
a1 Immonium
ion from
Xxx residue
Other
fragments
m/z % m/z % m/z %
GlyGly (105) 76 100 30 16 88c 14
GlyAla (119) 90 100 30 6 102c 2
44d 16
AlaGly (119) 76 9 44 100 30d 7
AlaAla (133) 90 30 44 100
AlaIle (175) 132 100 44 9
IleAla (175) 90 20 86 100 44d 5
aRelative abundances in % of base peak intensity, using peak areas.
bMass-to-charge ratio of [XxxYyy  H  CO].
cNH3 loss.
dImmonium ion from Yyy residue. This fragment overlaps with a1 for
GlyGly and AlaAla.high-energy CAD (MS3) spectra of the resulting
[XxxYyy  H  CO] products are simple, displaying
2–4 fragment ions (Table 3). All MS3 spectra contain
fragments at the m/z values of the y1 and a1 ions of the
original dipeptide; y1 and a1 represent the protonated
C-terminal amino acid, [YyyH], and the immonium
cation from the N-terminal residue (Xxx), respectively.
One of the latter two fragments is always base peak
(Table 3). The immonium ion from the C-terminal
residue (Yyy) is also formed from most [XxxYyy  H 
CO] ions; this ion is indistinguishable from a1 if the
original dipeptide carries identical residues (GlyGly
and AlaAla). A further fragmentation channel, ob-
served only when Gly resides at the N-terminal posi-
tion, is NH3 loss (Table 3).
Analogous types of fragment ions are observed in
low-energy MS3 spectra obtained from ESI-generated
ions using the ion trap (Table 4). There is, however, one
important difference; now, either y1 or a1 is formed but
not both, except with AlaAla (cf. Tables 3 and 4).
Persistently, the y1 or a1 fragment dominating the
high-energy MS3 spectrum of a [XxxYyy  H  CO]
ion also appears abundantly in the corresponding low-
energy CAD spectrum. The differences between the
data of Tables 3 and 4 reflect the shorter lifetimes of ions
dissociating in sector versus ion trap mass spectrome-
ters and the different dynamics of collisional activation
in these instruments (vide infra).
Overall, the CAD (MS3) characteristics of [XxxYyy 
H  CO] are consistent with proton-bound dimer
structures for the fragment ions emerging by CO loss
from the protonated dipeptides. A mechanism leading
to such structures, termed the a1-y1 pathway, was
recently proposed in a theoretical study of the main
fragmentation pathways of GlyGly by Paizs and Suhai
[23]. Scheme 1 generalizes this mechanism for an ali-
phatic dipeptide XxxYyy, carrying side chains R1 and R2
at the Xxx and Yyy residues, respectively.
Table 4. CAD (MS3) spectra of [XxxYyy  H  CO], the
fragment ions arising by CO loss from collisionally activated
[XxxYyy  H] formed via ESI in the ion trapa
XxxYyy (m/z
of
precursor
ion)b
y1
[Yyy  H]
a1
Immonium
ion from
Xxx
residue
Other
fragments
m/z % m/z % m/z %
GlyGly (105) 76 63 30 — 88c 100
GlyAla (119) 90 100 30 — 102c 21
44d 20
AlaGly (119) 76 — 44 100
AlaAla (133) 90 16 44 100
AlaIle (175) 132 100 44 — 86d 3
IleAla (175) 90 — 86 100
aRelative abundances in % of base peak intensity, using peak heights.
bMass-to-charge ratio of [XxxYyy  H  CO].
cNH3 loss.
dImmonium ion from Yyy residue.
loss
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N-terminal amine group (Scheme 1) [39, 40]. When
sufficient internal energy is available (in metastable ions
or upon CAD), the added proton becomes mobile [21]
and can be transferred to other, less basic positions.
According to the calculations of Paizs and Suhai [23],
CO loss is initiated on the a1-y1 pathway from a
tautomer in which the mobile proton has migrated to
the N-atom of the amide bond, thereby weakening the
CO™NH and (R1)CH™CO bonds and facilitating the
expulsion of CO to form a ternary complex between the
imine of the Xxx residue, the amino acid Yyy, and the
detaching CO molecule (Scheme 1). CO is easily re-
leased from this assembly to produce the proton-bound
complex observed experimentally. Consecutive dissoci-
ation of the latter complex with retention of the proton
by the imine (from Xxx residue) leads to the N-terminal
immonium ion a1, while H
 retention by Yyy leads to
y1. The latter ion, [Yyy  H]
, may dissociate further to
yield the immonium ion of the Yyy residue, as a major
unimolecular reaction of protonated amino acids is
decomposition to the corresponding immonium cations
[9, 41]. Finally, the loss of ammonia from [GlyGly  H
 CO] and [GlyAla  H  CO] (Tables 3 and 4), can
be rationalized as a nucleophilic displacement (SN2) of
NH3 by CH2¢NH in the complex
CH2¢NH. . .
H3NCH(R2)COOH (R2  H or CH3). SN2
reactions are particularly sensitive to steric hindrance,
which could explain why this process occurs only with
the least substituted nucleophile CH2¢NH.
The alternative, -bonded structures H3NCH(R1)
NHCH(R2)COOH (I) and
H3NCH(R1)CONHCH(R2)
OH(II), arising by removal of the N- or C-terminal CO
unit of protonated XxxYyy, respectively, were also
considered for [XxxYyy  H  CO], but were ruled
out. CAD of I and II would have produced more
and/or other fragments as compared to those observed
Scheme 1. The a1-y1 pathway for CO(Tables 3 and 4). For example, I should abundantly lose
ammonia and water with all Xxx residues and II should
readily dissociate to H3NCH(R2)OH (y-type ion), nei-
ther of which takes place. In contrast, the noncovalent
structure R1CH¢NH. . .H
. . .H2NCH(R2)COOH fully
agrees with the simple fragmentation patterns observed
upon CAD of [XxxYyy  H  CO].
The energy changes predicted by DFT theory for
[GlyGly  H] (R1  R2  H) during the events of
Scheme 1 are depicted in Figure 3. CO loss from
protonated GlyGly is endothermic by 88 kJ/mol and
requires overcoming a barrier of 161 kJ/mol. The sub-
stantial reverse activation energy of this reaction, 73
kJ/mol, justifies the large kinetic energy release ob-
served in the MI spectra (Table 1). Based on the T0.5
value for CO loss from [GlyGly  H] (0.33 eV  32
from protonated aliphatic dipeptides.
Figure 3. Lowest-energy pathway for loss of CO and formation
of y1 and a1 from protonated GlyGly, calculated at the B3LYP/6-31
 G(d,p) level of theory (see Scheme 1 for structures). The
numbers give relative energies versus the lowest-energy geom-
etry of protonated GlyGly and include zero point energy
corrections [23].
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dissipated into translational energy of the products
(proton-bound complex plus CO), the rest being distrib-
uted into rovibrational modes (i.e., internal energy) of
the products.
In the consecutive dissociation of the proton-bound
dimers [XxxYyy  H  CO] to y1 and a1 (Scheme 1,
Tables 3 and 4), the imine from the Xxx residue
(R1CH¢NH) and the amino acid Yyy
(H2NCH(R2)COOH) compete for the proton, and the
species of higher proton affinity (PA) should lead to the
more abundant fragment ion; this step is thus closely
related to a kinetic method experiment [42], as dis-
cussed in detail in a recent study of Paizs et al. [38]. All
proton-bound dimers [XxxYyy  H  CO] (structures
R1CH¢NH. . .H
. . .H2NCH(R2)COOH) show the ex-
pected y1/a1 abundance ratio (Tables 3 and 4), provided
the proton affinities of the imines involved are correctly
represented by recently published G2-ab initio or den-
sity functional theory values (Table 2) [37, 38]. The
PA(imine) values from the NIST database [36] appear to
be underestimated and cannot reconcile the y1/a1 ratios
observed from [AlaGly  H  CO] and [AlaAla  H
 CO].
Upon CAD (MS3) of R1CH¢NH. . .H
. . .NH2CH
(R2)COOH at high collision energy in the sector instru-
ment, both constituents of the proton-bound dimer
compete effectively for the proton, resulting in the
observation of y1 as well as a1 fragments (Table 3). In
contrast, CAD (MS3) at low collision energy in the ion
trap generally produces only one of these fragments,
viz. that arising by proton attachment to the more basic
complex constituent, the only exception being the pro-
ton-bound dimer from AlaAla, i.e.,
CH3CH¢NH. . .H
. . .Ala (Table 4). In our high-energy
CAD experiments (keV range), a broad range of internal
energies is deposited by a single collision onto the
precursor ion which subsequently dissociates in less
than a few microseconds; under these conditions, sev-
eral competitive dissociations can take place simulta-
neously, depending on the amount of energy gained by
a particular precursor ion and the dissociation kinetics
[43]. Conversely, low-energy CAD in the trap activates
by multiple collisions, each depositing a small amount
of internal energy, while millisecond time windows are
available for dissociation between collisions [29, 30, 34].
Once the threshold for a fast reaction is reached, the
precursor ion reacts by this channel accumulating the
corresponding fragment ion. A competitive fast reac-
tion is obstructed unless its critical energy is very
similar; the only [XxxYyy  H  CO] dimer yielding
both y1 and a1 upon low-energy CAD is
CH3CH¢NH. . .H
. . .Ala (Table 4), for which the ener-
gies needed to form a1  Ala versus CH3CH¢NH  y1
differ by only 6 kJ/mol (this is the difference in PA
between CH3CHNH and Ala, cf. Table 2). Multiple
collision conditions at low collision energy may, on the
other hand, promote consecutive fragmentations if the
corresponding energetics are favorable [22]; this is truefor the y1 fragments from the proton-bound dimers
CH2¢NH. . .H
. . .Ala (from GlyAla) and
CH3CH¢NH. . .H
. . .Ile (from AlaIle), which partly de-
compose further to the immonium ions of Ala (m/z 44)
and Ile (m/z 86), respectively (Table 4).
As the basicities of the imine from the N-terminus
(R1CH¢NH) and/or of the C-terminal amino acid (Yyy)
increase, the point may be reached at which the energy
levels of products y1  R1CH¢NH  CO and/or of
products a1 Yyy CO drop below the energy level of
the rate-determining transition state for CO loss (cf.
Scheme 1 and Figure 3). In such a situation, [XxxYyy 
H  CO] will spontaneously decay further to y1
and/or a1 and the tandem mass spectra of [XxxYyy 
H] should contain no detectable signal for the product
of CO loss. It is very likely that this case applies to
[GlyPhe  H], [AlaTrp  H], and [TrpAla  H],
which incorporate relatively basic Phe or Trp residues
(Table 2) and whose MI spectra (Table 1) contain
significant y1 or a1 ions but no detectable fragment for
CO loss.
Mechanistic Pathway for the Loss of H2O
CAD of the dehydration product of [XxxYyy  H]
ions from aliphatic dipeptides produces very similar
fragmentation patterns as CAD of the b2 ions from
tripeptides with the same two N-terminal residues. This
is illustrated in Figure 4, which compares the high-
energy CAD (MS3) spectrum of metastably generated
[GlyAla  H  H2O]
 to that of metastably generated
b2 from [GlyAlaGly  H]
. It has been conclusively
established that b2 sequence ions from protonated trip-
eptides have the structure of a protonated oxazolone [6,
10, 20]; hence, the MS3 data provide evidence that the
dehydration of protonated aliphatic dipeptides also
yields b ions with protonated oxazolone structures.
Figure 4. High-energy CAD (MS3) spectra of FAB-generated (a)
[GlyAla  H  H2O]
 (m/z 129) and (b) [GlyAlaGly  H  Gly]
(m/z 129) ions. The kinetic energies of the [GlyAla  H] and
[GlyAlaGly  H] precursor ions were adjusted at 5.8 and 8.0
keV, respectively, to yield m/z 129 fragments of 5.1 keV kinetic
energy in both cases.2
1032 PINGITORE ET AL. J Am Soc Mass Spectrom 2004, 15, 1025–1038From the numerous fragment ions observed in the
high-energy CAD spectra of [XxxYyy  H  H2O]
,
three stand out, viz. the loss of CO (m/z 101 in Figure 4),
the immonium ion from the Xxx residue (m/z 30; a1 ion),
and the immonium ion from the Yyy residue (m/z 44; an
“internal” immonium ion). The CO loss and one of the
immonium ions are present in the low-energy CAD
(MS3) spectra, too, which are summarized in Table 5.
For some b2 ions, there are minor differences be-
tween MS3 spectra acquired from dipeptide versus
tripeptide precursors. These are more easily detected
upon low-energy CAD in the ion trap, where fewer
fragments are generated. The most pronounced differ-
ence is between the b2 ions from [AlaGly  H]
 and
[AlaGlyGly  H], with only the former undergoing
detectable water loss (Table 5). The differences primar-
ily involve the elimination of small neutrals (H2O or
CO, see footnotes in Table 5), which are very sensitive
to and thus could be caused by internal energy effects
[44]. Alternatively, the extra peaks could arise from
small amounts of another structure. O’Hair et al
showed that many different oxazolone isomers are
formed upon the dehydration of protonated oligogly-
cines, depending on which carbonyl oxygen is elimi-
nated as the water molecule [14]. Based on the relative
abundances of the extra peaks observed in the MS3
spectra (Table 5), the degree of any contamination of the
b2 oxazolones from [XxxYyy  H]
 by isomeric struc-
tures must be small and, therefore, is not addressed
further in this study.
DFT calculations by Paizs et al. [40] and Aviyente
and coworkers [26] indicate that water loss from pro-
tonated GlyGly proceeds from a tautomer in which the
proton has been transferred to the OH group of the
Table 5. CAD (MS3) spectra of [XxxYyy  H  H2O]
, the b2 f
[XxxYyy  H] formed via ESI in the trap*a
XxxYyyZzz or
XxxYyy (m/z)b CO loss (a2)
Immonium ion
Xxx residue (
b2 ion from m/z % m/z
GlyGlyGly (115) 87 100
GlyGly (115) 87 100
GlyAlaGly (129) 101 100
GlyAla (129) 101 100
AlaGlyGly (129) 101 100 44
AlaGly (129) 101 100 44
AlaAlaAla (143) 115 100 44
AlaAla (143) 115 100 44
AlaIle (185) 157 100
IleAla (185) 157 100 86
GlyPhe (205) 177 100
*Select reference CAD (MS3) spectra of the same b2 ions formed from
aRelative abundances in % of base peak intensity, using peak heights.
bMass-to-charge ratio of [XxxYyy  H  H2O]
 or [XxxYyyZzz  H  Z
cLoss of CO  CO.
dTrace of m/z 73 (loss of CO  CO) and 86 (unassigned).
eLoss of H2O.
fLoss of CO  H2O.C-terminus [26, 40]. The proton can be shuttled to this
position from the N-terminus [26] (the most basic site)
or from the oxygen [26] or nitrogen atoms [40] of the
amide group. The lowest-energy pathway involves H
transfer from the amide oxygen to COOH, as shown in
Scheme 2 for the general dipeptide XxxYyy; the corre-
sponding energetics for protonated GlyGly are given in
Figure 5 and agree well with those reported by Aviy-
ente et al. [26]. Since the difference in basicity between
the N-terminal amine group and the amide O-atom is
small (Figure 5), both these tautomers should be popu-
lated during ion formation by FAB or ESI; the most
stable conformer of amide-protonated XxxYyy carries a
strong hydrogen bond between the protonated site and
the NH2 group, which facilitates proton transfer be-
tween these two positions (Scheme 2). The reacting
geometry for H2O loss is reached after rotation of the
latter conformer to one with different hydrogen bond-
ing arrangements that enable proton transfer to the
C-terminal OH group. Upon proton transfer to the OH
group, the newly formed H2O molecule detaches as an
oxazolone ring is formed; this rate-determining step
(Figure 5) generates an ion-molecule complex between
the emerging protonated oxazolone and the cleaved
water molecule (Scheme 2), which ultimately loses the
H2O unit to produce a b2 ion with oxazolone structure.
Note that H2O loss necessitates proton transfer to the
C-terminal residue, in keeping with the higher yield of
this reaction from XxxYyy dipeptides carrying the more
basic amino acid at the Yyy location (Table 1). In
contrast, CO loss proceeds through a transition state
generating an immonium cation at the N-terminal res-
idue (Scheme 1 and Figure 3). The proton affinities of
imines parallel those of the respective amino acids
ent ions arising by water loss from collisionally activated
Immonium ion from
Yyy residue Other fragments
m/z % m/z %
59c 1
44 1
44 1
d
111e 18
87c 1
125e 1
87c 1
86 2
167e 2
139f 3
120 1
ptides (loss of C-terminal amino acid) are also included.ragm
from
a1)
%
25
28
4
4
26
tripe
zz].
from
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more basic amino acid is incorporated at the Xxx
location (Table 1).
According to the energy diagrams of Figures 3 and 5,
the losses of CO and H2O from [GlyGly  H]
 require
very similar critical energies (161 versus 155 kJ/mol)
and, thus, should be competitive, as indeed observed;
these reactions are important dissociation channels of
[GlyGlyH] at low internal energies (Figures 1, 2 and
Table 1). Both dissociations are associated with consid-
erable reverse activation energies of 73 kJ/mol (CO
loss) and 49 kJ/mol (H2O loss). As mentioned above, a
significant fraction of this excess energy is released into
translational degrees of freedom upon the loss of CO, as
attested by the corresponding broad, flat-topped signal
in the MI spectrum (Figure 1a) and the large T0.5 value
(32 kJ/mol, cf. Table 1). In sharp contrast, H2O loss
Scheme 2. Pathway for H2O loss
Figure 5. Lowest-energy pathway for the dissociation of proton-
ated GlyGly to b2  H2O, calculated at the B3LYP/6-31  G(d,p)
level of theory (see Scheme 2 for structures). The numbers give
relative energies versus the lowest-energy geometry of protonated
GlyGly and include zero point energy corrections.produces a narrower, Gaussian signal in the MI spec-
trum (Figure 1a), and its kinetic energy release is small
(T0.5 2 kJ/mol, cf. Table 1); hence, most of the excess
energy (	95% of 49 kJ/mol) is dissipated as internal
energy of the products in this case. The cause of this
divergence could be the dramatic difference in stability
of the noncovalent complexes arising in the rate-deter-
mining steps of CO versus H2O loss; the ternary com-
plex formed upon CO loss is barely bound (Figure 3),
while the hydrated oxazolone formed upon H2O loss is
bound quite strongly (Figure 5). Apparently, the latter
complex lives long enough to accommodate the excess
energy released during its formation into rovibrational
degrees of freedom, as has been proposed by Aviyente
et al. [26].
CAD reveals that the major dissociation channel of
the b2 ions generated by water loss from [XxxYyy 
H] is CO expulsion to form the corresponding a2 ions
(Figure 4, Table 5). The energetically most favorable
mechanism predicted for this reaction by DFT calcula-
tions entails the concerted cleavage of two bonds in the
oxazolone ring of b2 (Scheme 3), leading to the release of
CO to form an a2 ion with immonium structure [18].
The other major fragments from b2 can be rationalized
by consecutive decompositions of a2, as depicted in
Scheme 3. In the proposed mechanism, the carbonyl
group of a2 is eliminated as a CO molecule to yield [a2
 CO], a proton-bound complex of the imines belong-
ing to the Xxx and Yyy residues [45]. Sequential disso-
ciation of this complex ultimately generates the immo-
nium ions of the Xxx residue (a1) and Yyy residue (an
“internal” immonium ion). It has been documented
experimentally [6] and computationally [18] that the
dissociation b2 3 a2  CO is associated with a consid-
erable reverse barrier that leads to broad, flat- or
dish-topped a peaks in sector instruments (see, for
protonated aliphatic dipeptides.2
ways
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tion of a second CO unit also is accompanied by a
reverse barrier. Such energetics is indicated by the MI
spectrum of FAB-generated a2 from GlyAla (m/z 101).
This spectrum (not shown) contains a broad, flat-
topped peak at m/z 73 originating from CO loss as well
as Gaussian signals at m/z 44 and 30 resulting from the
immonium ions of the Ala and Gly residues, respec-
tively; the corresponding relative peak areas (and ki-
netic energy releases in eV) are 46% (0.38) for m/z 73,
100% (0.05) for m/z 44, and 5% (0.08) for m/z 30. The
dissociation characteristics of a2 from [GlyAla  H]

both corroborate that [a2  CO]
 is formed over a
transition state that lies higher in energy than the
resulting products and also provide supporting evi-
dence for the dissociation sequence proposed in Scheme
3. It is worth noting that this study and previous work
[6, 9, 41, 46] have repeatedly shown that the rearrange-
ment elimination of CO from the backbone of peptide
and amino acid ions proceeds with appreciable reverse
activation energies.
All processes of Scheme 3 are observed upon high-
energy CAD of [XxxYyy  H  H2O]
 (b2) as attested
in Figure 4 by the fragmentation pattern of ions with
GlyAla sequence; the first CO loss (a2 at m/z 101) and
formation of the Gly and Ala immonium ions (m/z 30
and 44, respectively) take place abundantly, as men-
tioned above, while the loss of two CO units ([a2 
CO] at m/z 73) only gives a weak signal. The low
relative intensity of [a2  CO]
 is attributed to an
efficient further fragmentation of this proton-bound
complex (Scheme 3), promoted by the internal energy
gained from the reverse barriers of the sequential CO
losses preceding [a2  CO]
 formation.
Also [XxxYyy  H  H2O]
 (b2) ions formed in the
ion trap dissociate to a  CO upon CAD (Table 5). The
Scheme 3. Fragmentation path2loss of a second CO unit to form [a2 CO]
 is either not
observed or gives rise to a signal just above noise level
for the reason presented above. From the immonium
ions that can be formed by consecutive dissociation of
[a2  CO]
 (Scheme 3), only one is generated during
CAD in the trap, viz. that corresponding to the more
basic imine in the [a2  CO]
 proton-bound dimer (see
Scheme 3 and entries for GlyAla versus AlaGly and
AlaIle versus IleAla in Table 5). This divergence vis a`
vis high-energy CAD conditions (Figure 4) is due to the
different activation mechanisms and ion lifetimes in
beam versus trap instruments, as has been explained in
the previous section. It is noticed that the immonium
ion observed is more abundant (relative to the a2 base
peak), if it originates from the N-terminal Xxx residue,
cf. relative abundances of m/z 44 from sequences GlyAla
versus AlaGly and of m/z 86 from sequences AlaIle
versus IleAla in Table 5. The incipient proton-bound
complex emerging from the second CO loss carries the
charge at the N-terminal imine (Scheme 3). If the more
basic amino acid residue also resides at the N-terminus,
no proton transfer is needed to create the corresponding
N-terminal immonium ion, which improves the kinetics
of formation of this immonium ion and, thereby, in-
creases its abundance.
The CAD (MS3) characteristics of [PheGly  H 
H2O]
 are completely analogous to those of the
aliphatic [XxxYyy  H  H2O]
 ions (Table 5), in
agreement with a common structure and similar
unimolecular reactivities for the respective b2 ions. In
contrast, the CAD fragmentation patterns of b2 from
[GlyAsp  H] and [AspGly  H] are distinct (cf.
Tables 5 and 6); the fragments observed are consistent
with oxazolone structures that decompose uniquely
because their aspartyl (CH2COOH) substituents open
new reaction channels (Schemes 4 and 5). The b ion
of [XxxYyy  H  H2O]
 (b2).2
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loss to produce the corresponding a2 ion, in analogy
to the aliphatic b2 ions discussed above. Consecutive
CO2 elimination can, however, take place in this a2
ion to produce a resonance-stabilized [a2  CO2]

fragment, as rationalized in Scheme 4. A competitive
reaction, involving transfer of the proton to the
hydroxyl group of the aspartyl side chain followed by
H2O loss and cyclization is also possible (Scheme 4);
this reaction is reminiscent of oxazolone ion forma-
tion from protonated dipeptides (Scheme 2) and leads
to the [a2  H2O]
 fragment, which is the predomi-
nant CAD product in the ion trap (Table 6). Con-
versely, the b2 ion with AspGly sequence contains the
CH2COOH at a position that enables NH3 and H2O
losses, as depicted in Scheme 5; the latter fragment,
i.e., [b2  H2O]
, still contains an oxazolone substruc-
ture from which sequential CO loss can occur
(Scheme 5). Previous studies by Harrison and Tu [47]
and Wysocki et al. [48, 49] showed that the side chain
Table 6. CAD (MS3) spectra of the b2 ions arising by water
loss from collisionally activated [GlyAsp  H] and [AspGly 
H] (both at m/z 191) formed via ESI in the ion trapa
m/z Loss of (ion)
[GlyAsp 
H  H2O]

%
[AspGly 
H  H2O]

%
156 NH3 2 73
155 H2O 100
145 CO (a2) 58 18
127 CO  H2O 100
b 67c
101 CO  CO2 11
99 H2O  CO  CO 4
aRelative abundances in % of base peak intensity, using peak heights.
bCO loss precedes H2O loss (Scheme 4).
cCO loss follows H2O loss (Scheme 5).
Scheme 4. Major fragmentation pathways of
designate the rearrangement leading to CO los2of aspartic acid residues can participate in the back-
bone fragmentations of protonated peptides. Our
results on the Asp-containing b2 ions reveal further
that Asp side chain involvement also occurs in the
consecutive fragmentations of the backbone ions.
Mechanistic Pathway for the Loss of NH3
Significant signals for ammonia loss are observed only
in the tandem mass spectra of [PheGly  H] and
[TrpAla  H] (Table 1); this reaction proceeds with
very low yield (1%) or not at all from the other
protonated dipeptides studied. Two common proper-
ties of PheGly and TrpAla are the relatively high proton
affinity for their N-terminal residue (Table 2) and the
presence of methylene hydrogens in -position to an
aromatic group (“benzylic” H-atoms) near the N-termi-
nus. The first property increases the population of
N-terminally protonated tautomer, from which a NH3
molecule can be cleaved, while the second property
provides H-atoms that can easily be transferred to
produce a stable [XxxYyyHNH3]
 fragment. With
this insight at hand, the fragments generated upon
low-energy CAD (MS3) of [PheGly  H  NH3]
 in the
ion trap (Figure 6) allow for elucidation of the structure
and unimolecular chemistry of this ion (Scheme 6).
Ammonia loss from N-terminally protonated
[PheGly  H], accompanied by migration of the
proton charge to the amide oxygen, gives rise to ion III
(Scheme 6), which constitutes a protonated N-acylgly-
cine, analogous to N-benzoylglycine. Such ions resem-
ble protonated dipeptides and, thus can undergo con-
secutive H2O and CO losses to form b- and a-type
fragments, respectively [6, 10]; from III, these fragments
appear at m/z 188 (H2O loss) and 160 (H2O  CO loss),
cf. Figure 6 and Scheme 6. The loss of a second CO unit,
n from protonated GlyAsp. The arrows in a2b2 io
s.
hway
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m/z 132. If the proton charge migrates to the amide
nitrogen during NH3 loss from [PheGly  H]
, isomer
IV is generated instead (Scheme 6), which can be
viewed as a loosely bonded complex between Gly and
a resonance-stabilized acylium cation. IV reconciles the
fragments arising by scission of Gly (m/z 131), Gly CO
(m/z 103), and CO (m/z 178), cf. Scheme 6. The loss of
CH2¢C¢O (m/z 164; omitted from Scheme 6) can also
originate from IV, if Gly attacks at the benzylic C-atom
of the acylium cation and the resulting ion, viz.
PhCH(CHCO)H2NCH2COOH (isomer V), releases
ketene to produce PhCHHNCH2COOH (m/z 164).
Scheme 5. Major fragmentation pat
Figure 6. Low-energy CAD (MS3) spectrum of ESI-generated
[PheGly  H  NH ] ions (m/z 206) at V  0.55 V.3 p-pConclusions
The lowest-energy fragmentations of protonated dipep-
tides are intramolecular condensation reactions that
release small, stable neutrals, mainly CO and H2O. The
fragments from these reactions are formed with high
yield at threshold energies, but are readily depleted by
consecutive decompositions as the internal energy of
[XxxYyy  H] is increased. The latter reactions are
important sources of backbone fragments (sequence
ions a2, a1, y1) and of fragments diagnostic of the
individual amino acids present in the dipeptide (amino
acid immonium cations).
The fragmentation patterns observed in beam (sec-
tor- or quadrupole-based) and trap instruments often
differ, reflecting the internal energy distributions de-
posited in the corresponding collisional activation steps
and the time intervals available for subsequent dissoci-
ation. Competitive dissociations are best probed by
CAD in a beam arrangement, where a broader range of
internal energies is deposited and reactions must be
completed within microseconds to be observable. The
incremental, stepwise activation in the ion trap, coupled
with the longer time available for dissociation, pro-
motes sequential fragmentations, with the lowest-en-
ergy process dominating in each step, which may not be
a sequence-characteristic ion (see discussion of immo-
nium ion generation from b2 in the trap). On the other
hand, the ion trap easily permits multiple-stage MS/MS
experiments to unveil the origin(s) of specific frag-
ments, and combined beam and trap instruments offer
a powerful tool for the elucidation of the rather complex
gas-phase chemistry of protonated peptides.
Several dissociations of [XxxYyy  H], including
s of b2 ion from protonated AspGly.
1037J Am Soc Mass Spectrom 2004, 15, 1025–1038 CONDENSATION REACTIONS IN PROTONATED DIPEPTIDESthe principal condensations via CO and H2O losses,
progress through ion-molecule complexes whose con-
stituents compete for the proton charge during the
dissociation event. Since these constituents originate
from the Xxx and Yyy residues, the basicities of the
latter play an important role in determining which
dissociation pathways will predominate from a given
dipeptide. It is noteworthy that CO and H2O are
eliminated with considerable reverse activation ener-
gies, but that kinetic energy release measurements
detect only the reverse barrier of the CO loss and not
that of the H2O loss. In the latter case, accompanying
computational methods are imperative for ascertaining
the correct dissociation mechanism; in both cases, the-
ory provides mechanistic details that are not obvious
from tandem mass spectra but necessary to understand
the observed experimental trends.
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